Esophageal cancer is one of the most common tumors and is the fourth-leading cause of cancer-related death in China. The incidence of high-risk esophageal cancer in northern China exceeds 130 per 100 000 individuals (1, 2 ) . In Asia, 90% of esophageal cancer has the histologic type of esophageal squamous cell carcinoma (ESCC). 10 Currently, the most effective treatment is surgical resection, which prolongs the survival of patients with resectable disease. The 5-year survival rate is 20%-30% for patients who have curative surgery and do not develop lymph node metastases; however, the survival rate is only 13% for patients with at least 1 lymph node metastasis (3 ) . Unfortunately, most earlystage ESCCs are asymptomatic and difficult to detect (4, 5 ) . Endoscopic evaluation with or without chromoendoscopy and random biopsies can diagnose a subset of patients in the early stages of ESCC, but the invasiveness of these diagnostic procedures and the potential for sampling error with random endoscopic biopsy limit their effectiveness. These factors help explain why ESCC has an extremely poor prognosis and a high mortality rate (5, 6 ) . Therefore, novel biomarkers and diagnostic methods for the early detection of ESCC are urgently needed to reduce disease morbidity and mortality. Because serum and plasma are accessed with relative ease, circulating biomarkers are one of the most promising means of diagnosis. To date, however, a sensitive and specific circulating biomarker for ESCC has not been discovered.
MicroRNAs (miRNAs) are small noncoding RNAs 19 -24 nucleotides in length that are thought to be involved in the development of cancer (7 ) . The discovery of a unique miRNA profile in a human cancer such as esophageal cancer could potentially assist with tumor diagnosis and cancer treatment (1, 8 -11 ) . In a recent study, we determined that human serum contains numerous stable miRNAs and that the concentration profile of serum miRNAs is altered in such cancers as lung cancer and colorectal cancer (12 ) . Similar distinctive patterns of circulating miRNAs in plasma or serum samples have been reported for other cancers, such as prostate cancer and pancreatic cancer (13) (14) (15) (16) (17) ; however, the global miRNA pattern in the sera of ESCC patients has not been determined. In the present study, we used high-throughput Solexa (Illumina) sequencing scanning followed by a stem-loop quantitative reverse-transcription PCR (RT-qPCR) assay that uses a hydrolysis probe to systematically and comprehensively evaluate miRNA concentrations in sera from ESCC patients and matched cancer-free control individuals. We determined that the concentrations of particular serum miRNAs were altered in ESCC samples compared with control samples. A statistical analysis revealed a profile of 7 serum miRNAs that may prove useful as a biomarker for ESCC detection.
Materials and Methods

PATIENTS AND CONTROL INDIVIDUALS
All samples were collected from consenting individuals according to protocols approved by the ethics committee of each participating institution. We included 290 patients with primary ESCC and 140 control individuals in our study. A multiphase, case-control study was designed to identify serum miRNAs as surrogate markers for ESCC (Fig. 1) . In the initial biomarkerscreening stage, pooled serum samples from 141 ESCC patients who were treated at Jinling Hospital, the Cancer Hospital of Xuzhou, or the Cancer Hospital of Jiangsu Province underwent Solexa sequencing (miRBase 12.0; total, 692 miRNAs) to identify miRNAs that showed significant differences between the ESCC cases and matched controls. Of the 141 patients, 86 had nonmetastatic disease (as evidenced by histologic analysis of surgically excised tumors); the remaining 55 patients had vascular metastasis, lymph node metastasis, or other distant metastasis (see Table 1 in the Data Supplement that accompanies the online version of this article at http://www.clinchem.org/content/vol56/ issue12). We subsequently performed a biomarker confirmation analysis with a hydrolysis probe-based RT-qPCR assay to refine the number of serum miRNAs in the ESCC signature. This analysis was carried out in 2 phases: (a) the biomarker-selection phase, in which serum samples from 36 ESCC patients treated at Jinling Hospital or Yanggongjing Hospital formed the training set, and (b) the biomarker-validation phase, in which serum samples from an additional 113 ESCC patients from Jinling Hospital or the Cancer Hospital of Jiangsu Province formed the validation set. All patients received a diagnosis of esophageal carcinoma between 2008 and 2009, and blood samples were collected before any therapeutic procedures, such as surgery, chemotherapy, and radiotherapy. Patient histopathology results were confirmed by surgical resection of the tumors, and tumor stage was defined by the operative findings. For patients who were unsuitable for surgical management, histopathology characteristics and tumor stage were confirmed by histobiopsy and imaging technology. Table 1 summarizes the demographic and clinical features of the patients. Control participants were recruited from a large pool of individuals seeking a routine health checkup at the Healthy Physical Examination Centre of Jinling Hospital. People who showed no evidence of disease were selected as noncancer controls. Controls were matched to the patients by age, sex, and ethnicity.
SAMPLE PROCESSING AND RNA EXTRACTION
The methods used for sample processing are given in the Supplemental Data file in the online Data Supplement. For the Solexa sequencing assay, equal volumes of sera from 86 patients with nonmetastatic ESCC (1.28 mL each), 55 patients with metastatic ESCC (2.00 mL each), and 40 controls with similar age and sex distributions (2.75 mL each) were pooled separately to form case and control sample pools. TRIzol reagent (Invitrogen) was used according to the manufacturer's instructions with minor modification to extract total RNA from each pool of serum samples (approximately 110 mL). The aqueous phase was subjected to 3 steps of acid phenol/chloroform purification to eliminate protein residues before isopropyl alcohol precipitation. The resulting RNA pellet was dissolved in 30 L diethylpyrocarbonate-treated water and stored at Ϫ80°C until further analysis. For the RT-qPCR assay, total RNA was extracted from 250 L serum with a 1-step phenol/chloroform purification protocol. In brief, 250 L serum was mixed with 250 L acid phenol, 250 L chloroform, and 250 L diethylpyrocarbonatetreated water. The mixture was vortex-mixed vigorously and incubated at room temperature for 15 min. After phase separation, the aqueous layer was mixed with 1.5 volumes of isopropyl alcohol and 0.1 volumes of 3 mol/L sodium acetate (pH 5.3). This solution was stored at Ϫ20°C for 1 h. The RNA pellet was collected by centrifugation at 16 000g for 20 min at 4°C. The resulting RNA pellet was washed once with 750 mL/L ethanol and dried for 10 min at room temperature. Finally, the pellet was dissolved in 20 L of ribonuclease-free water and stored at Ϫ80°C until further analysis.
SOLEXA SEQUENCING AND IN SILICO ANALYSIS
Solexa sequencing was performed as previously described (12 ) . For more details, see the Supplemental Data file in the online Data Supplement.
QUANTIFICATION OF miRNAs BY RT-qPCR ANALYSIS
Because U6 RNA and 5S rRNA are degraded in serum samples and a consensus housekeeping miRNA is lacking for RT-qPCR analysis of serum miRNAs, we normalized miRNA concentration to serum volume. A hydrolysis probe-based RT-qPCR assay was performed according to the manufacturer's instructions (7300 Sequence Detection System, Applied Biosystems) with a minor modification (see Methods in the Supplemental Data file in the online Data Supplement). This system is highly specific for the target miRNA but not for longer preprocessed precursors or for other highly homologous miRNAs, which may differ in sequence by as little as 1 nucleotide (18, 19 ) . We also assessed the detection limits of the RT-qPCR assay and its dynamic range, and we calculated the absolute concentrations of target miRNAs from calibration curves developed with corresponding synthetic miRNA oligonucleotides (see Methods in the Supplemental Data file in the online Data Supplement). We also assessed assay imprecision We performed risk score analysis to evaluate the associations between ESCC and serum miRNA concentrations (see Methods in the Supplemental Data file in the online Data Supplement).
Results
SOLEXA SEQUENCING OF SERUM miRNAs IN ESCC
Our examination of miRNA concentrations in pooled serum samples from 86 nonmetastatic patients, 55 metastatic patients, and 40 healthy individuals by Solexa sequencing showed that miRNAs were the major components of small RNAs in serum (see Table 2 in the online Data Supplement). Of the 692 serum miRNAs that were scanned by Solexa sequencing, 316, 315, and 268 miRNAs were detected in healthy controls, nonmetastatic patients, and metastatic patients, respectively (see Tables 3 and 4 and Fig. 1 in the online Data Supplement). An miRNA was considered altered if Solexa sequencing detected 100 copies in the patient group and the miRNA showed at least a 2-fold difference in concentration between the patient and control groups. We constructed a list of 25 differentially produced miRNAs (see Table 5 in the online Data Supplement), 6 of which showed a difference in concentration between the nonmetastatic and metastatic patient groups.
CONFIRMATION OF miRNA PRODUCTION BY RT-qPCR ANALYSIS
We confirmed the concentrations of the 25 candidate miRNAs selected from the Solexa sequencing with a hydrolysis probe-based RT-qPCR assay of samples from 149 patients with a clinical and pathologic diagnosis of ESCC and from 100 healthy control individuals. We found no significant differences between the cancer patients and control individuals in age distribution, sex, smoking status, alcohol consumption, and other diseases.
The RT-qPCR assay for measuring serum miRNA concentration was reliable and reproducible. Semilogarithmic plots of the calibration curves for various concentrations of the synthetic single-strand miRNA calibrators were linear from 10 fmol/L to 10 4 pmol/L (see Fig. 2 , A-G, in the online Data Supplement). Threshold cycle (Cq) values of replicate assays were very similar (r 2 ϭ 0.990), indicating that the RNA extraction method was reproducible (see Fig. 3A in the online Data Supplement). Furthermore, the analytical reproducibility of the RT-qPCR assay was also very good (r 2 ϭ 0.997) (see Fig. 3B in the online Data Supplement). The mean CVs for the RT-qPCR assays (including the RNA extraction step) for miR-10a, miR-22, miR-100, miR-148b, miR-133a, miR-127-3p, and miR-223 were 9.9%, 8.7%, 8.0%, 9.4%, 7.2%, 8.5%, and 7.7%, respectively.
In the training set, miRNAs were measured in a separate set of individual serum samples from 36 ESCC patients and 33 healthy controls; only miRNAs with a mean change Ն1.5-fold and a P value Ͻ0.001 were selected for further analysis. Moreover, miRNAs with a Cq value Ͼ35 and a detection rate Ͻ75% in either the ESCC group or the control group were excluded from further analysis. We used these criteria to generate a list of 7 miRNAs (miR-10a, miR-22, miR-100, miR-148b, miR-223, miR-133a, and miR-127-3p) that showed a difference in miRNA patterns between ESCC patients and controls (Table 2) . These 7 miRNAs were further examined by RTqPCR in a larger cohort consisting of 113 ESCC patients and 67 matched controls. Consistent with the results from the training set, the serum concentrations of the 7 miRNAs were significantly higher in the cancer cases than in the control individuals. The changes in concentration ranged from 1.85-fold to 2.54-fold (Table 2 ). Fig. 2 shows the differences in concentration for the 7 miRNAs in the 149 ESCC patients and 100 control individuals enrolled in the training and validation sets.
UNSUPERVISED CLUSTERING ANALYSIS
We used an unsupervised clustering method that was unbiased to the clinical annotations to investigate the different concentration patterns for several miRNA panels in the ESCC and control serum samples. We found that both a 7-member panel of serum miRNAs (miR-10a, miR-22, miR-100, miR-148b, miR-223, miR-133a, and miR-127-3p) (see Fig. 4 in the online Data Supplement) and a 5-member panel (miR-10a, miR-22, miR-148b, miR-223, and miR-127-3p) (see Fig. 5 in the online Data Supplement) were able to reliably discriminate ESCC samples from control samples, with the former panel having a lower misclassification rate than the latter. The 7-member serum miRNA profile correctly classified 31 (86.1%) of 36 ESCC cases and 26 (78.8%) of 33 control samples in the training set (see Fig. 4A in the online Data Supplement). In the validation set, 113 ESCC cases and 67 controls were separated into 2 main classes; only 15 ESCC cases and 13 controls were misclassified (see Fig.  4B in the online Data Supplement). Because patients with cancers in tumor, node, metastasis (TNM) stage I or II can undergo complete resection of tumors and because early detection of this cancer will most likely improve survival rate, we performed a separate analysis with only stage I/II ESCC patients. The dendrogram generated by the cluster analysis showed a clear separation of stage I/II ESCC samples from controls in both the training set and the validation set: The 7-member serum miRNA profile correctly classified 95 (89.6%) of 106 early-stage ESCC samples and 79 (79.0%) of 100 control samples (see Fig.  4C in the online Data Supplement).
ROC CURVE ANALYSIS
ROC curves constructed to compare the relative concentrations of the 7 miRNAs for the ESCC patients and the healthy controls yielded the following AUCs: miR10a, 0. (Fig. 3) . The AUCs for the 7 miRNAs were markedly higher than the AUC for carcinoembryonic antigen (0.549; 95% CI, 0.475-0.623) (P Ͻ 0.0005). Using the optimal cutoff value, we obtained the following sensitivity and specificity values: miR10a, 81.2% and 80.0%, respectively; miR-22, 88.6% and 86.0%; miR-100, 63.8% and 81.0%; miR-148b, 66.4% and 87.0%; miR-223, 83.2% and 83.0%; miR133a, 65.1% and 83.0%; and miR-127-3p, 78.5% and 87.0%. By comparison, the sensitivity and specificity for carcinoembryonic antigen were 13.4% and 100%, respectively (3.05 g/L as the cutoff value).
PREDICTION OF ESCC CASES AND CONTROL INDIVIDUALS BY RISK ANALYSIS
To further evaluate the diagnostic value of the 7-member miRNA profiling system, we used a risk score formula to calculate the risk score function (RSF) for ESCC samples and control samples. Samples were ranked according to their RSF and then divided into a high-risk group, representing the predicted ESCC cases, and a low-risk group, representing the predicted control individuals. The frequency table and the ROC curves were then used to evaluate the diagnostic effects of the 7-miRNA profiling system and to find the appropriate cutoff point. Fig. 3 shows that the AUC for the RSF was 0.929 (95% CI, 0.899 -0.960). With an optimal cutoff value 
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(RSF ϭ 8.10), in which the sum of the sensitivity and specificity was maximal, the specificity was 96.0%, and the sensitivity was 78.5%. At this cutoff, 96 of the 100 controls had RSF values Ͻ8.10, whereas 116 of the 149 ESCC samples had a risk score Ͼ8.10 (see Table 6 in the online Data Supplement). Subdividing by TNF stage shows that use of this cutoff value was able to correctly predict 85 (80.2%) of the 106 patients in stage I or II and 32 (74.4%) of the 43 patients in stage III or IV (see Table 6 in the online Data Supplement).
CONCENTRATIONS OF THE SELECTED SERUM miRNAs AT DIFFERENT ESCC STAGES
Our investigation of the use of unsupervised clustering and a Student t-test to determine whether a distinctive concentration pattern existed for the 7 miRNAs in ESCC at different stages of the disease revealed no significant differences in the serum concentrations of the 7 chosen miRNAs in the cancer patients at different clinical stages (see Table 7 in the online Data Supplement). Furthermore, we used RT-qPCR analysis to investigate the concentrations for 4 miRNAs (miR-423-5p, miR-483-5p, miR-501-3p, and miR-874) that showed a greater than 2-fold difference in concentration between the metastatic and nonmetastatic ESCC cases in the Solexa analysis (see Table 5 in the online Data Supplement) for the serum samples from ESCC patients who were enrolled in the training and validation sets. As assessed by the RT-qPCR assay, the nonmetastatic and metastatic cancer cases showed no sig- Serum concentrations of the 7 miRNAs were measured in 149 ESCC patients and 100 healthy control individuals (in both the training and validation sets) with a hydrolysis probe-based RT-qPCR assay. Cq values were converted to absolute values from the calibration curves. Each point represents the mean of results for triplicate samples.
nificant differences in concentration for any of the 4 miRNAs. These observations suggest that the concentration profile for the 7 serum miRNAs is a biomarker for ESCC of various stages.
THE EFFECTS OF CLINICAL FEATURES ON THE DISCRIMINATING POWER OF THE SELECTED SERUM miRNAs
Stratifying the ESCC cases by such clinical features as sex, age, smoking history, and alcohol consumption revealed no significant effects on serum miRNA concentrations except for sex (see Table 7 in the online Data Supplement). We suspect that the sex effect was a consequence of the relatively small sample size for females in the study.
Discussion
We have demonstrated in this global analysis of miRNA concentration in the serum of ESCC patients 
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that the concentration profile of 7 serum miRNAs can serve as a noninvasive, accurate biomarker for ESCC diagnosis. In addition, we have developed a reliable strategy that uses Solexa sequencing of pooled serum samples followed by multiple RT-qPCR to determine disease-associated serum miRNA profiles. Numerous stable miRNAs are present in plasma and serum. They exhibit distinctive miRNA concentration profiles in patients with various cancers, including lung, colorectal, prostate, and pancreatic cancers (12) (13) (14) (15) (16) (17) . These findings highlight the potential of a plasma or serum miRNA panel to serve as a reliable noninvasive biomarker for the detection of cancer. In the present study, we focused on the serum miRNA profile of patients with ESCC, a cancer with an extremely poor prognosis and a very high incidence and mortality rate in China (1, 2 ) . As an initial screening stage, we performed a high-throughput Solexa sequencing assay with a serum small-RNA library (which excludes possible contamination by other small RNA and DNA molecules). This stage was followed by multiple RTqPCR assays with individual serum samples from the patient and control groups. We systematically measured the concentrations of serum miRNAs in ESCC patients and identified 7 serum miRNAs (miR-10a, miR-22, miR-100, miR-148b, miR-223, miR-133a, and miR-127-3p) that were significantly upregulated in the sera of ESCC patients compared with control individuals. Our study demonstrated that the 7-miRNA profile may be used as a biomarker for ESCC, and, importantly, has the potential to predict ESCC at a relative early stage, as exhibited by the clear separation of stage I/II ESCC samples from the control samples in the cluster analysis dendrogram. Furthermore, we have demonstrated that the panel of 7 serum miRNAs is a much more sensitive indicator of ESCC than the conventional carcinoembryonic antigen biomarker.
Because of the similarities among various tumors, such as unlimited proliferation and rapid metastasis, the upregulation of some of these miRNAs is likely to be observed in the sera of patients with other types of tumors. Therefore, we compared the 7 upregulated serum miRNAs in ESCC with the miRNA profiles for other cancers. Except for miR-100, which is shared by ESCC and prostate cancer panels (13 ) , the other 6 serum miRNAs have shown no altered production for any other cancers, such as colorectal cancer, ovarian cancer, and pancreatic ductal adenocarcinoma (15) (16) (17) . Nevertheless, future studies are necessary to clarify whether the concentration profile for these 7 serum miRNAs is capable of discriminating ESCC from other types of tumors.
Our laboratory and other laboratories have confirmed that miRNA concentrations in human serum and plasma are quite stable (12, 13, 20 ) . One possible explanation for the remarkable stability of miRNAs in serum and plasma is that they are protected by binding proteins or microvesicles (12, 13, 20 ) . In addition, serum miRNAs might be chemically modified (e.g., methylation), making them resistant to ribonuclease activity (12, 13 ) . The source of circulating miRNAs is not clear, however. Our previous study demonstrated that serum miRNAs were derived not only from circulating blood cells but also from other tissues affected by disease (12 ) . Furthermore, other investigators have reported that miRNAs are stored in microvesicles derived from various cell types (12, 13, 20 ) , suggesting that active secretion by cells is a major source of serum and plasma miRNAs. Such findings further support the conclusion that the serum miRNA profile is an indicator of biological function.
Because U6 RNA and 5S rRNA are degraded in serum samples and a consensus housekeeping miRNA is lacking for the RT-qPCR analysis of serum miRNAs, we normalized miRNA concentration to serum volume in this study. Several miRNAs, including miR-16 (21 ) , have recently been used in the normalization of serum miRNAs; however, one of our previous studies (12 ) revealed that the concentration of miR-16 itself is altered in certain diseases and cannot serve as an internal control for normalization of serum miRNAs. We speculate that normalizing the concentration of circulating miRNAs by the volume of serum or plasma samples may currently be the most feasible way to solve the problem.
Functional studies of miRNAs in tumor tissue may be helpful for evaluating serum miRNAs as indicators of various types of cancer. Of the 7 serum miRNAs selected in the ESCC patients, several are involved in general tumorigenesis. For instance, miR-223 is upregulated in the tissue samples of some digestive system neoplasms, including gastric cancer, colon cancer, pancreatic cancer, and so forth (22, 23 ) . Increased production of miR-10a and miR-100, on the other hand, has been observed in gastric cancer, pancreatic cancer, and other cancers (23) (24) (25) (26) (27) . Future studies are necessary, however, to identify the target genes of circulating miRNAs and the mechanism that regulates miRNA biogenesis.
Circulating miRNAs as a class have enormous potential as ideal cancer biomarkers, for the following reasons: (a) They are remarkably stable and reproducible; (b) their concentration profiles are specifically correlated with certain types of cancer; and (c) they are easily accessible, are sampled in a relatively noninvasive manner, and are readily detected by RT-qPCR assay, a technique widely used in clinical laboratories. Whether this 7-member serum miRNA profile can be established as a routine biomarker for ESCC diagnosis in the clinical laboratory will require much more investigation and the testing of a large number of ESCC samples from multiple centers.
In summary, we have defined a distinctive serum miRNA signature in ESCC patients. In particular, we have demonstrated for the first time that the profile of 7 serum miRNAs has potential to serve as a noninvasive biomarker for diagnosing ESCC. These results may provide an impetus for future evaluations of the clinical value of serum miRNAs to predict therapeutic efficacy and to forecast ESCC recrudescence.
